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Poly(3-hydroxybutyrate)-poly(ethylene glycol) (PHB-PEG) copolymer is a novel member of poly-
hydroxyalkanoates (PHAs) produced by biotechnological PEGylation with improved biocompat-
ibility and biodegradability. We used the PHB-PEG to produce the porous 3D scaffolds for
bone tissue engineering. The PHB-PEG scaffolds were made by gas porous formation tech-
nique using ammonium carbonate as a porogen. The 3D-scaffolds on the base of homopolymer
poly(3-hydroxybutyrate) (PHB) and its blend with PEG 70:30 w/w (PHB+PEG) were used for com-
parison. In this study morphology (e.g., porosity), hydrophilicity, thermal properties and protein
adsorption of PHB-PEG 3D scaffolds were examined. Bone marrow stromal cells (BMSCs) and 3T3
fibroblast cells were cultured on PHB-PEG 3D scaffolds. Cell viability, growth and adhesion on poly-
mer 3D scaffolds were investigated by XTT test and scanning electron microscopy. The obtained
data showed that the PHB-PEG copolymer scaffolds demonstrated lower hydrophobicity and bet-
ter biocompatibility in comparison with the PHB homopolymer scaffolds and these indicators were
not inferior to the PHB+PEG blend. It was also shown that PHB-PEG 3D scaffolds are suitable
substrate for cell growth and could be applied for bone tissue engineering.

Keywords: Poly(3-hydroxybutyrate)-Poly(ethylene glycol), PHB, Bone Marrow Stromal Cells,
BMSCs, PEGylation.

1. INTRODUCTION
Tissue engineering has become one of promising and
important fields of research, which may offer not only
tissues and organs for transplantation, but can also open
new perspectives for diseases treatment.1 One of the most
essential knowledge areas in tissue engineering is replace-
ment therapy. Cells could be transplanted into the body
in two forms—exist in the form of a suspension2 or be
attached to any carrier—a metal, a polymer and so on.
In spite of high attention and numerous investiga-

tions, bone tissue treatment and repair remains a relevant
problem. A number of biodegradable and bioresorbable
polymeric materials for 3D scaffold design have been
experimentally and clinically studied:3 collagen sponges
and gels,4 hyaluronic acid matrices,5 alginate,6 gelatine,7

silk proteins,8 polyglycolide (PGA),9 polylactide ((PLA),

∗Author to whom correspondence should be addressed.

the most popular polymer for investigation and practical
using in tissue engineering10), poly(lactide-co-glycolide)
(PLGA)11�12 and others.13 PLA has a lot of practical
properties but at the same time has some disadvan-
tages such as the acidification of the environment during
biodegradation14 and chemical synthesis origin.
Poly(3-hydroxybutyrate) (PHB) is the most studied

member of poly(3-hydroxyalkanoates) family (PHAs)
which can be produced microbiologically by differ-
ent types of microorganisms: Azotobacter vinilandii,15

Pseudomonas oleovorans16 Alkaliphilus oremlandii17 and
others. Also there are some methods to produce it
chemically.18 PHB is widely used for biomedical applica-
tions in regenerative medicine and tissue engineering.19–22

It has a special range of biomedical and environmentally
friendly applications because of its combination of excel-
lent mechanical properties, biocompatibility and sorption–
diffusion properties coupled with its biodegradation.23�24
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But despite all benefits, PHB has poor hydrophilicity,
which is why many efforts have been made to improve
it by blending PHB with hydrophilic polymers.25�26

Poly(ethyleneglycol) (PEG) is a nontoxic hydrophilic
polymer approved by the U.S. Food and Drug Admin-
istration (FDA) for internal consumption27 and is used
very often to modify different polymer properties, such as
hydrophobicity, surface charge and others.28�29

It was shown that PHB can be mixed with PEG
with blend formation and the produced composites have
improved hydrophilicity but the content of PEG in the pro-
duced PHB+PEG blend should be relatively high (more
than 10%) to achieve this effect.30

However the alternative way to blending with PEG can
be used to improve polymer hydrophilicity: biotechnolog-
ical PEGylation. We have shown earlier that the novel
copolymer poly(3-hydroxybutyrate)-poly(ethylene glycol)
(PHB-PEG) produced biotechnologically by Azotobacter
chroococcum 7B demonstrated significant improvement in
biocompatibility in contrast to PHB and PHB-HV copoly-
mers, which may be caused by increased protein adsorp-
tion and hydrophilicity of PEG-tailing copolymer.31�32

There are many ways to create 3-dimensional bases
for tissue engineering: phase separation,33 emulsion freeze
drying,34 fibre bonding,35 gas foaming,36 electrospinning,37

3D-printing,38 salt-leaching,39�40 porous formation by
porogen41 and others. The polymer scaffolds can be used
not only for tissue repair, but also as drug-loaded systems
for gradually drug release: hydrogels,42 blend devices43

and others.
The most important feature of produced 3D scaffold is

that it should mimic the extracellular matrix in a regener-
ating bone environment. Thus, the scaffold is not a sim-
ple mechanical framework, but has to be ‘informative’ to
cells. A proper biomaterial should easily integrate with
the adjacent bone and favor new bone tissue in growth
(osteoconduction). Its architecture should allow host blood
vessels to colonize even the largest structures. Lastly, the
scaffold should be biocompatible and resorbable.44 BMSC
and 3T3 fibroblasts cell lines are used as a typical cell cul-
tures to estimate biological properties in vitro.8�45 More-
over, BMSC have a potential to proliferate to different
cell types and is commonly used in tissue regenerative
medicine including bone engineering.

Thus, the purpose of our research was to study biologi-
cal characteristics of porous scaffolds based on PHB-PEG
copolymer, in comparison with PHB homopolymer and
PHB/PEG blend composite scaffolds.

2. METHODS
2.1. Materials
Following reagents were used in polymeric materials pro-
duction. Poly(ethylene glycol) 300 g/mol (PEG 300),
sodium acetate (SA); components of growth media:
K2HPO4 ∗3H2O, MgSO4∗7H2O, NaCl, Na2MoO4∗2H2O,

CaCO3, FeSO4 ∗ 7H2O, sodium citrate, CaCl2, KH2PO4,
sucrose, agar, phosphate-buffer saline (PBS) (Sigma-
Aldrige, USA), PEG 1500. All reagents were purchased
from Sigma-Aldrich (Germany).

2.2. Growth Conditions and Polymer Production
A PHA producer, non-symbiotic nitrogen-fixing bacterium
able to overproduce PHB (up to 80% of cell dry weight)
A. chroococcum strain 7B was used.46–48 The strain was
isolated from the wheat rhizosphere (sod-podzolic soil)
and maintained on Ashby’s medium, containing 0.88 mM
K2HPO4∗3H2O, 0.81 mMMgSO4∗7H2O, 3.42 mM NaCl,
0.02 mM Na2MoO4 ∗ 2H2O, 50 mM CaCO3, 58.5 mM
sucrose and 2% agar. All reagents were purchased from
Sigma-Aldrich (Germany). The culture was grown in
shaker flasks (containing 100 ml of the medium) at 30 �C
in Burk’s medium, containing: 1.6 mM MgSO4 ∗ 7H2O,
0.36 mM FeSO4 ∗ 7H2O, 0.02 mM Na2MoO4 ∗ 2H2O,
2 mM sodium citrate, 0.9 mM CaCl2, 1.6 mM K2HPO4 ∗
3H2O, 1.2 mM KH2PO4 and 50 mM sucrose as primary
carbon source.
For PHB-PEG copolymer biosynthesis PEG 300 was

added initially in the medium at a concentration of
150 mM and incubated for 72 hours. Optical den-
sity was controlled by nephelometry. To control strain
growth and polymer accumulation in cells a Biomed 1
(Biomed, Russia) light microscope was used. The parame-
ters of the copolymer biosynthesis including biomass yield
and polymer yield were determined according to previ-
ous research.32 The incorporation of EG monomers was
0.33 mol%.
The polymer isolation and purification from

A. chroococcum comprised following stages:
(1) polymer extraction with chloroform in a shaker for
12 hours at 37 �C;
(2) separation of polymer solutions from cell debris by
filtration;
(3) polymer precipitation from chloroform solution with
isopropanol;
(4) subsequent repeated cycles of dissolution in chloro-
form and precipitation with isopropanol for 4–5 times to
remove any additives and contaminants, and
(5) drying at 60 �C.32�46–49

2.3. Molecular Weight Determination
Molecular weights (Mw) of PHB and PHB-PEG were
determined by gel permeation chromatography (GPC) as
previously described.32 The Mw determined by GPC was
correlated with data estimated by viscosimetry: the viscos-
ity of the PHB solution in chloroform was measured at
30 �C on a RT RheoTec viscometer (RheoTec Messtechnik
GmbH, Germany); the molecular weight was calculated
using the Mark-Kuhn-Houwink equation.31�46

J. Biomater. Tissue Eng. 6, 42–52, 2016 43
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2.4. Biopolymer Scaffolds Preparation
The following materials were used: native poly(3-
hydroxybutyrate) (PHB) Mw = 4�85 ∗ 105, its copolymer
poly(3-hydroxybutyrate)-poly(ethylene glycol) (PHB-
PEG)Mw= 2�17∗105, composite with PEG (PHB+PEG),
which was produced by mixing PHB Mw= 4�85∗105 and
PEG Mw= 1500 in weight ratio 70:30.50 We used a com-
posite material of microbiological PHB and commercial
PEG to compare its properties with copolymer.
Porous 3D scaffolds were prepared by modification of

salt leaching method. This modification was based on
decomposition of solid salt under the influence of high
temperature, though the regular method requires the salt
solution in adequate solvent. Ammonium carbonate was
used which decomposes to gases at 60 �C ((NH4�2CO3 →
2NH3+CO2+H2O).
The ammonium carbonate powder with a particle size

20–300 �m was mixed with 3% (w/v) polymer solution
in chloroform in mass ratio 5:1. The mixed solution was
poured in Petri dish with subsequent chloroform evapora-
tion. Then, polymer matrix was placed in hot (>60 �C)
water to decompose ammonium carbonate and to create
pores. The obtained scaffolds was washed 5 times in dis-
tilled water and dried about 24 hours at 37 �C.

2.5. Porosity
Scaffold porosity was calculated according to the method
defined by Masaeli.51 PHB has a known bulk density of
1.243 g/cm3. Weight was measured on the scale (Accu-
lab AL-64, USA). Matrix thickness was measured with a
caliper (Krino, Italy). We used Eqs. (1) and (2) to calculate
apparent densities and porosities

Apparent Density
(

g
cm3

)

= Mass of scaffold (g)

Membrane thickness (cm)× area (cm)2
(1)

Porosity �%� = Apparent Density �g/cm3�

Bulk density of membranes �g/cm3�
(2)

2.6. Water Uptake Test
Scaffolds were cut into 10× 10 mm samples previously
dried at 37 �C and humidity 10% within 1 week till the
mass of the specimens were constant. Then they were
immersed in humidified box at 37 �C. After the full water
vapor saturation the water contents were then calculated
on the basis of the weight difference of the sample before
and after swelling. The percentage of water uptake was
calculated using the following equation

WU%= �Ww−Wd�

Wd
×100%

where WU% is water uptake (%), Wd and Ww are
the weights of the sample scaffold before and after being
immersed in high humidity, respectively.

The test specimens are placed in a container with a rela-
tive humidity of 75±5%, maintained at 37.0±0.5 �C. The
scaffolds were removed from the container, immediately
weighed, and then dried in a desiccator at room tempera-
ture until constant weight was reached (n= 8).

2.7. Differential Scanning Calorimetry (DSC)
The PHB, PHB+PEG and PHB-PEG thermal properties
were measured by means of differential scanning calorime-
try using a DSC 204 F1 Phoenix (Netzsch, Germany)
equipment. About 1–4 mg of polymer film was sealed in
a 25 �L aluminium crucible. The samples were heated
from 25 to 200 �C at a heating rate of 10 �C/min in nitro-
gen atmosphere. Netzsch calibration set (KNO3, In, Bi,
Sn, Zn, CsCl, Hg, C6H12 high purity samples) was used
for precise temperature and enthalpy calibrations in tem-
perature range −100 �C–600 �C according to the manu-
facturer instructions.52 The onset and peak temperature of
the change in heat capacity was designated as the T onset

m

and T peak
m melting points. The accuracy of determining did

not exceed 1 �C for the temperature measure and 2 J/g for
the melting enthalpy. The crystallinity of PHB component
(Xc) can be calculated by the following53

Xc = �Hm(PHB)/��H0 m(PHB)×��PHB��

where �H0 m(PHB) is the theoretical value for the ther-
modynamic melting enthalpy, which would be obtained for
a 100%-crystalline PHB sample (146.6 J/g).54 �Hm(PHB)
is the apparent melting enthalpy corresponding to PHB
component and �(PHB) is the weight fraction of PHB in
the blend. All calculations were performed for the second
heating cycle.
Data are presented as the average of three mea-

surements, P values <0.05 were considered statistically
significant.

2.8. Cell Line
The 3T3 cells were maintained in DMEM, supplemented
with 10% FBS and 1% penicillin streptomycin antibi-
otics. Bone marrow cells used in these studies were iso-
lated from the femurs of young (3–5 days old) Wistar
rats, as described by Maniatopoulos et al.55 The approvals
for all surgical experimental procedures and ethical guide-
lines were issued by the ISO 10993-1:2009. Briefly, the
femurs were excised aseptically and cleaned by soft tis-
sues. The ends of the bones were removed, and the marrow
flushed out using 5 ml of culture medium expelled from
a 2 ml syringe through a 27 gauge needle. The released
cells were incubated in DMEM media with Collagenase
Type I (215 U/mg of protein) 1 hour (37 �C). After cen-
trifugation 10 min at 1000 rpm the pellet was collected
in a 25 cm2 plastic culture flask (NUNC, Denmark) and
were cultured for 2 weeks in DMEM (Dubecco’s Modi-
fied Eagle Medium, PanEco, Russia) supplemented with
10% fetal calf serum (FCS, Biological Industries, Israel),

44 J. Biomater. Tissue Eng. 6, 42–52, 2016



Delivered by Publishing Technology to: Anton Bonartsev
IP: 91.76.133.84 On: Sun, 17 Apr 2016 15:24:20

Copyright: American Scientific Publishers

R
E
S
E
A
R
C
H

A
R
T
IC

L
E

Bonartsev et al. 3D-Scaffolds from Poly(3-hydroxybutyrate)-Poly(ethylene glycol) Copolymer for Tissue Engineering

100 U/ml penicillin. Cells were incubated at 37 �C in a 5%
CO2 incubator and the medium was changed every 3 days.

2.9. Cell Viability Test
Primary BMSC culture (after 7th day cultication) and 3T3
cells (2nd passage) were used. Cells were detached using
trypsin/EDTA (0.25% w/v trypsin/0.02% EDTA, PanEco,
Russia) and plated on top of the experimental substrates
that were positioned at the bottom of a 96-well plates.
Scaffolds 5× 5× 3 mm were placed in the center of the
wells and 100 �l cell suspension including 2000 cells was
added. Plates were incubated for 1, 2, 4 and 7 days. Cell
proliferation and viability were measured by the cell pro-
liferation reagent XTT according to the manual (XTT Cell
Proliferation Kit, Biological Industries, Israel). Briefly, at
the end of the experimental time, polymer matrixes with
attached cells were gently and quickly transferred from
wells of incubated tissue culture plate to respective wells
of a new plate with preliminarily added 100 �l of fresh
medium. Then 50 �l of XTT reagent solution was added
in each well, and the multi-well plates were incubated
at 37 �C for a further 4 hours. Polymer samples were
removed and absorbance measurements were conducted
utilizing a microplate spectrophotometer (Zenyth 3100
Microplate Multimode Detector, Anthos Labtec Instru-
ments GmbH, Austria) at 450 nm with reference wave-
length at 640 nm.

2.10. Scanning Electron Microscope
The specimens were washed twice by phosphate buffered
saline (PBS) and immersed in PBS containing 3% glu-
taraldehyde (pH 7.4) overnight. They were then dehydrated
in increasing concentrations of ethanol (from 30%, 50%,
70%, 82%, and 96%) and followed by lyophilization. They
were then mounted on aluminium stumps, coated with gold
in a sputtering device for 15 min at 15 mA (IB-3, Giko,
Japan) and examined under a scanning electron micro-
scope (JSM-6380LA, JEOL, Japan).

2.11. Protein Adsorption
The polymer scaffolds were incubated in BSA (bovine
serum albumin) (Sigma-Aldrich, USA) solution (1 mg/ml)
in PBS during 2 hours shaking at 37 �C. Then it was
immersed in PBS buffer system for 2 hours followed by
protein adsorption measurement at 280 nm (Hitachi-557,
Japan) (1st incubation), after that it was immersed in 0,1%
SDS (sodium dodecyl sulfate) solution for 1 hour followed
by protein adsorption measurement (2nd incubation). The
protein quantity was determined by standard BSA curve,
based on its absorbance at 280 nm.

To visualize the protein adsorption FITC-BSA (Sigma-
Aldrich, USA) was used. The analysis of adsorbed protein
on the scaffold surface was also carried out by confocal
microscopy using Axiovert 200M fluorescent microscope
with a digital AxioCam camera running the Zeiss LSM

Image Browser 4.2.0 software (Carl Zeiss MicroImaging
GmbH, Germany). The relative amount of detergent wash-
able protein was estimated by the intensity of lumines-
cence using software ImageG 1.45s (USA) (n= 10). Using
spectrophotometric data about total protein absorbed on
matrices and ImageJ data about the relative amount of
washable protein the total and irreversible protein absorp-
tion were calculated.

2.12. Statistical Analysis
Statistical evaluation of data was performed using the
software package SPSS/PC + Statistics™ 12.1 (SPSS).
Non-parametric Kruskal–Wallis test was employed for all
statistical analyses. Data were averaged with the standard
error to the mean (±SD) and considered significant for
p < 0�05.

3. RESULTS AND DISCUSSION
3.1. Design and Scaffolds Porosity
Porous scaffolds were prepared by salt leaching method
with ammonium carbonate as a porogen salt, which
decomposes to gases at a temperature over 60 �C. The
process of gas formation is very active, so the porosity
is achieved not only by the removal of a blowing agent,
but also due to deformation of the polymer. Thus, the
pores emerged by breaking polymer surface will be called
“ruptural pores.” At the same time, the porosity is also
formed by folds of the polymer, which in this paper we

Fig. 1. The SEM images of porous scaffolds formulated with the
gas-foaming method. 1—PHB; 2—PHB+PEG composite; 3—PHB-PEG
copolymer; a—the external side; b—the internal side.

J. Biomater. Tissue Eng. 6, 42–52, 2016 45
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call “lacunae.” Flat scaffolds were formed in a Petri dish,
so they have two sides: the side bordering with glass we
call “internal” and another one “external.”
It could be seen that the polymer’s gap is less active

in the presence of PEG in the polymer (Fig. 1). In that
case the smaller pore size from ruptural deformation is
observed (Figs. 1–3).
We can notice that the use of plasticizer (PEG) reduces

the surface roughness, which is quite logical, because plas-
ticizer is used to make the polymer more hydrophilic and
to improve plastic properties.
The relationship between scaffold pore size and

osteoblast activity within tissue engineered constructs is
described and studied by Murphy et al.57 Scaffolds with
mean pore sizes ranging from 20 �m to 1500 �m have
been used in bone tissue engineering applications.58�59

The minimum pore size for significant bone growth is
75–100 �m with an optimal range of 100–135 �m.60

(a)

(b)

(c)

Fig. 2. Pore size distribution of scaffolds from PHB (a), PHB+PEG (b),
and PHB-PEG (c) (n= 25).

Fig. 3. The SEM images of BMSC cell attachment on polymer scaf-
folds (A—PHB; B—PHB+PEG composite; C—PHB-PEG copolymer)
and adhesion and cell proliferation on biopolymer scaffolds evaluated by
XTT test: PHB, PHB+PEG and PHB-PEG; n= 6, ∗p< 0�05 versus PHB.

At the same time many studies have suggested a need
for pores exceeding 300 �m for bone formation and
vascularisation within constructs. By facilitating capillary
formation, pores greater than ∼300 �m lead to direct
osteogenesis while pores smaller than ∼300 �m can
encourage osteochondral ossification.

46 J. Biomater. Tissue Eng. 6, 42–52, 2016
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All obtained scaffolds have pore size suitable for cell
growth, but the optimal parameter has the PHB-PEG
copolymer with the range of pore size at the external side
about 150–250 �m (Table I).

In comparison of two sides of the porous structures
(Fig. 1) it can be seen that one of them—external during
manufacture is more porous or irregular, while the other—
facing the glass substrate—more smooth. Moreover, when
comparing different scaffolds: the rougher one of the sur-
faces, the smoother another.

All obtained scaffolds have the pore size adequate for
cell growth, the average of every type of pore is shown
in Table I. Pore size distribution of two different sides is
presented in Figure 2. It was observed that majority of
pores had the size from 20 till 150 �m.

Scaffold porosity was calculated according to Ref. [51]
and presented in Table I. A significant difference in poros-
ity of the scaffolds made of different materials wasn’t
observed.

This method allows obtaining a flat, porous struc-
ture, one side of which is smooth, and the other is
rough. The addition of PEG to the polymer reduced the
roughness and pore size, but the PEG imbedding in the
polymer chain also reduce the porosity of the obtained
scaffolds.

3.2. Water Uptake
The percentage of water uptake of the polymer matrices
was calculated according to the following equation: %
water uptake= 100∗ �Ww−Wd�/Wd, where Wd and Ww
are the weights of dry scaffolds and scaffolds immersed
in high humidity, respectively, measured at different time
periods (1–10 days). Measurement was carried out until
the weight change became imperceptible. The PHB scaf-
fold has the water uptake almost the same as the PHB-PEG
(Table I), and PHB+PEG composite has the highest one.
All scaffolds have the water uptake higher than films from
the same materials on 41.9, 39.8 and 77.2% respectively
(data not shown). The blending with PEG26 as well as
larger surface area12 increased polymer water uptake. The
PHB-PEG scaffolds showed the low porosity that is why
this parameter is almost equal for homopolymer scaffolds.
The PHB+PEG composite has PEG physically linked with
PHB and has a higher water uptake than PHB and PHB-
PEG. It can be connected with the PEG ability to bind
water and its high water uptake.61

Table I. Characterization of porous scaffolds with different composition fabricated using a gas-foaming agent, n= 6, ∗p < 0�05 versus PHB, #p< 0�05
versus PHB+PEG.

External surface, �m Internal surface, �m

Polymer Ruptural pores Lacunae Ruptural pores Lacunae Porosity, % Water uptake, %

PHB 102,8±37,3# 215,4±137,0 7,2±3,9 43,1±14,9 87,1±7,1 3,5±0,4
PHB+PEG composite 33,4±17,5∗ 100,3±52,7 6,8±5,2 52,5±26,4 75,1±16,0 11,6±4,4∗

PHB-PEG copolymer 15,6±5,2∗ # 105,2±73,9 4,7±3,3 37,8±13,5 69,0±12,3 3,35±0,9

3.3. Physics-Thermal Properties of Copolymers
It was shown that among other physics-chemical param-
eters a crystallinity of PHB copolymers plays the most
important role in polymers in vitro biocompatibility.34

This polymer family is crystalline due to the presence of
spherulites and there are many factors affecting its growth
and melt.62

It was shown by Kozlowska et al. that the crystallinity
of aliphatic polyesters could be carried out by wide-
angle X-ray scattering (WAXS) and differential scanning
calorimetry (DSC).63 The DSC of them is the most easy and
common method to measure this parameter of 3D scaffold
forms,64�65 moreover the X-rays way is used to estimate the
change of the higher-order structure to detaile information
on the phase transition during annealing accompanied by
chain motion and a reorganization process,66�67 what wasn’t
the goal of present work, so the DSC method was chosen
to estimate a crystallinity of polymeric structures.
Analysis of DSC curves showed that the PEG incorpora-

tion into PHB polymer chain or its adding as a composite
caused significant changes in the physics-chemical charac-
teristics of polymers (Table II).
In the case of pegylation we observed a decrease in

melting temperature, which are in agreement with our pre-
vious data,32 but the crystallinity was almost the same.
The PEG adding as a composite part of material leads
to decreasing a melt temperature but the crystallinity was
increased. It could be explained as a PEG 1500 with nor-
mal crystallinity 85.7%68 increases total crystallinity of
material and its melting point (40 �C) effects on a shift of
the PHA melting peak to an area of lower temperature.
Also the form of the device changes physico-thermal

properties of copolymers. By comparison PHB film and
scaffold we observed that the 3D-form has less melting
temperature and greater crystallinity. We consider that this
shift to lower temperature took place because of poros-
ity and tiny thickness of polymer walls of pores but the
increase of crystallinity occurred because of high temper-
ature processing during the fabrication. But in the case
of PHB+PEG we observed the decrease of crystallinity
in the scaffold form. It could be result of destabilization
of lamellar crystallinity of PHB structure by PEG in the
process of scaffold formation.
Thus, we can see that the material and the form of

device have an effect to the thermal properties of PHB, its
copolymer and composite.

J. Biomater. Tissue Eng. 6, 42–52, 2016 47
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Table II. Physico-thermal properties of film and 3D-scaffold on the
base of PHB, PHB+PEG blend, and PHB-PEG (f#-film, s##-scaffold).
Data presented as an average of three measures. ∗p < 0�05 versus PHB,
∗∗p < 0�05 versus film.

Melting temperature,
onset and peak Crystallinity

Polymers (T onset
m /T peak

m , �C) (Xc, %)

PHB (f#� 161/171 53.2±3,6
PHB (s##� 151/167∗∗ 60.7±2,2∗∗

PHB+PEG composite (f) 147/160∗ 66.3±2,7∗

PHB+PEG composite (s) 135/150∗∗ 58.5±2,1∗∗

PHB-PEG copolymer (f) 150/168∗ 53.9±3,5
PHB-PEG copolymer (s) 162/168 59.3±1,1∗∗

3.4. Cell Viability Test
Cell cytotoxicity testing was used to estimate cell attach-
ment to matrixes and its growth on the scaffolds. There
were used two different types of cell lines 3T3 fibroblasts
and bone marrow stromal cells.
BMSC culture was obtained from Wistar rats 1 week-

old and the 2nd passage of cell culture was used. As
indicated in Figure 3 there was a difference between the
cell attachment on the three dimensional scaffold of PHB,
PHB+PEG, PHB-PEG. It is observed the scaffolds of
PHB-PEG copolymer are more suitable for cell growth and
proliferation (Fig. 3).
On the 2nd and 4th day of incubation, the distinct dif-

ference was observed in three cases where the amount of
attached alive cells on PGB-PEG scaffolds was more than
the one on homopolymer PHB and composite. On the 7th
day of incubation copolymer demonstrated the best result.
3T3 cells present another growth type—they grow much

faster than BSMCs. On the same materials a differ-
ent data was obtained. The maximal density of BSMCs
on PHB-PEG scaffolds was observed at 4th day while
on homopolymer and composite materials they continue
extending for 7 days (Fig. 4). We consider it is linked with
a different physiology of fibroblasts and bone marrow stem
cells. They have various aspects of growing and prefer
materials with different physics-chemical characteristics.
Probably, fibroblasts are prone to 2D growth and prefer
more hydrophilic materials while BMSC—to 3D growth
and prefer more hydrophobic material.32�69�70

Thus, scaffolds from PHB-PEG proved to be more suit-
able material for cell 3D cultivation probably due to its
more hydrophilicity and suitable microstructure.
Data obtained by SEM visually demonstrate cell attach-

ment and spreading on polymer scaffolds (Figs. 3 and 4).
The Figure 5 shows spreading BMSC cells thought the
PHB 3D scaffold on 4 day of cultivation.

3.5. Protein Adsorption
The confocal microscopy demonstrated that after SDS
incubation most parts of adsorbed protein has passed to
the buffer (Fig. 6). To estimate the relative amount of

Fig. 4. The SEM images of 3T3 cell attachment on polymer scaf-
folds (A—PHB; B—PHB+PEG composite; C—PHB-PEG copolymer)
and adhesion and cell proliferation on biopolymer scaffolds evaluated
by XTT test: PHB, PHB+PEG and PHB-PEG; n= 6, ∗p < 0�05 versus
PHB.

irreversibly adsorbed protein software ImageG 1.45s (USA)
was used. The results show that relative amount of protein
linking with polymer material is 31.3%, 26.6%, 28.5% for
PHB, PGB+PEG and PGB-PEG respectively (Table III).
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Fig. 5. BMSC cell culture spreading in the porous flat scaffold (confo-
cal microscopy, calcein AM dye).

Using the spectrophotometric data and confocal
microscopy, we were able to quantify the protein adsorption
onto the polymer surface. It was 82.3, 13.0 and 43.0 �g of
protein on 1 mg of polymer respectively. The results agree

Fig. 6. BSA-FITC adsorption on scaffold’s surface after 1 hour incu-
bation in PBS (a), and followed by 1 hour incubation in 0,1 %SDS (b)
(1—PHB; 2—PHB+PEG blend; 3—PHB-PEG copolymer).

Table III. BSA adsorption on polymer scaffolds, n= 6, ∗p < 0�05 ver-
sus PHB.

Total adsorption, Irreversible adsorption,
Polymer �g/mg of polymer % of total adsorption

PHB 82.3±9.6 31.3±5.6
PHB+PEG composite 13.0±5.2∗ 26.0±4.7
PHB-PEG copolymer 43.0±8.7∗ 28.5±3.0

with published data that a hydrophobic surface adsorbed
protein more effectively than a hydrophilic.71

4. CONCLUSION
The porous formation technique using ammonium carbon-
ate as a porogen allows obtaining a flat porous structure,
one side of which is smooth and the other—more porous.
It was shown that investigated scaffolds are biocompatible
and can be used for scientific and practical applications in
bone tissue engineering.
PEG homopolymer reduces PHB hydrophobicity both

as a composite additive and in case of adding it to the
environment in polymer biosynthesis. As the addition of
PEG as the composite in an amount of 30% by weight,
hydrophilicity is reduced more than with the copolymer.
It is worth noting that in this case we have to use a plasti-
cizer, obtained by chemical way and adding a fairly large
amount. While using PHB-PEG copolymer the product
obtained has biological origin (without plasticizer flow),
and has a higher biocompatibility parameters.
Scaffolds show biocompatibility can be recommended

for use in bone tissue engineering as a carrier of stem cells
or as protective membrane for bone defects repair.
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